Constant-height scanning is demonstrated to improve near-field microscopy by eliminating artifacts connected with topography scanning, hence, to image the inherent electromagnetic contrast. Microwaves are chosen for this study because the long wavelength eliminates coherence artifacts, owing to a scale separation of wave and image frequencies. Measured amplitude and phase images of conductive films are quantitatively analyzed by considering the longitudinal electric near field. The observed spatial resolution of 200 nm equals the probing tip size and proves that the skin depth
During the past decade metal-aperture-based scanning optical microscopy ͑a-SNOM͒ 1,2 has not seen improvement of the initial resolution of Ϸ30 nm, and thus, left unchallenged the rich detail familiar with other scanning microscopies such as scanning tunneling microscopy ͑STM͒ or atomic force microscopy. The a-SNOM's bottleneck is its narrow yet deep metal aperture, really a hollow metal waveguide operated below cutoff, which imposes severe power losses and prevents the use of longer wavelengths such as infrared. Our approach replaces the aperture with the complementary metal tip. When exposed to an electromagnetic wave, the tip acts as an antenna to generate a locally concentrated near field usable for scanning microscopy. 3 With special means to suppress stray light such ''t͑tip͒-SNOMs'' have recently performed both in the visible 4 and microwave 5 regions, albeit without quantitative assessment of image contrast and artifacts.
This experiment ͑Fig. 1͒ maps microwave transmission through a conductive test sample, which is laterally structured with 2 nm deep depressions. 6 This mapping takes place in either topography-following or constant-height ͑see below͒ scan mode provided by simultaneous STM operation ͑the W tip is used as a biased tunnel electrode, the sample film grounded͒. The measurement space comprising tip and sample represents a strong mismatch for microwaves, resulting in standing wave resonances on both the input and output coaxial cables. When these resonances are suppressed by isolators ͑not shown͒ the output wave measures the single-path transmission
where
measure the derivative of the transmission with respect to the tip-sample-distance z, and ⍀ is the frequency of dithering this distance with amplitude ⌬z. We choose mapping and ␦ rather than and because the dither motion 4, 6 enhances the contribution of field lines near the tip apex over those further down the tip shaft, and therefore, narrows the effective probing field to near the apex region ͑Fig. 1͒. The topographyfollowing scan mode ͑inset of Fig. 1͒ results in the seemingly highly resolved phase image shown in Fig. 2͑b͒ , taken at 1.38 GHz, dither parameters ⍀ϭ4.1 kHz, ⌬zϭ3 nm. The corresponding amplitude image ͑not shown͒ is very similar: where the STM topography ͓Fig. 2͑a͔͒ exhibits a flat 2 nm depression, the microwave images show flat electromagnetic contrast with a rather sharp edge definition of about 20 nm.
These electromagnetic images are much sharper than expected from the flattened tip used ͑as noted before, 6 a freshly sharpened W tip can produce microwave images only after it is gently crashed into the sample to flatten the apex͒. The correspondence to the topography is so good that we suspect that the observed electromagnetic contrast is artificially induced by the fact that the tip follows the topography. This is more certain after constant-height scans, which we perform by interrupting the STM feedback in single scan traces and lifting the tip up to a known height h above the sample surface ͑measured outside the depression, see Fig. 1 inset͒. 7 Although the absolute height differences between both scan modes do not exceed a couple of nm, the difference in the images is striking. In the constant-height images, the contrast is reversed and the apparent resolution reduced ͓Fig. ͑requiring long averaging time͒ a line scan through one of the depressions ͓Fig. 2͑d͔͒ reveals an edge width resolution as small as 200 nm between the 10% and 90% positions. Figures 2͑c͒ and 2͑d͒ display the electromagnetic contrast free of topography-following artifacts, as is generally desirable for SNOM images. 7 Note that an even more complete mapping of the near-field response of the sample could, in principle, be gathered from a full three-dimensional spatial scan over the surface. 8 The resolution of the inherent-contrast images in our experiments seems to be solely defined by the width of the probing tip. Note that the obtained minimum value of 200 nm is generally meaningful for SNOM performance, as it is one order of magnitude smaller than the electromagnetic power penetration depth ␦ϭ1.6 m into the tip material ͓calculated from ␦ϰ( f ) Ϫ1/2 with f ϭ1.38 GHz and assuming ϭ1.8ϫ10 5 (⍀ cm) Ϫ1 reaches the bulk value for W͔. That the wave penetrates far into the probing tip has obviously not the negative influence on resolution anticipated by Refs. 9 and 10.
Quantitative information of near-field contrast results from constant-height-mode line scans, where the height h is systematically varied ͑Fig. 3͒. For comparison, topographyfollowing scans are also shown. The microwave signals and ␦ increase strongly with the approach towards the surface. At the ͑unperturbed͒ surface, both scan modes yield practically the same signals as expected. Over a depression, however, the signals and ␦ are reduced in constant-height mode, but increased in topography-following mode, which can be explained by extending the capacitive model of our previous work. 5 In this model, the electric near field is approximated to be purely longitudinal. As a first step, we take the complex conductivity into account but approximate the more complicated geometry of the present experiment by a one-dimensional model, i.e., allow variation of fields and materials in the z direction only. Since the sample uses an oxidized Si wafer as a substrate, with its metal back plane connected to the microwave generator, the model comprises four layered media in series, namely ͑1͒ the varying air gap between the tip and sample, ͑2͒ the 5 nm C plus 2 nm Pt/C films ͑the latter missing in a depression͒, ͑3͒ the 50 nm SiO 2 layer, and ͑4͒ the 550 m Si substrate. When the characteristic impedances of source and load are Z 0 , the transmittance becomes with coupling capacitance Cϰ1/⌺͑d n /⑀ n ͒, ͑4͒
where d and ⑀ are the thickness and complex dielectricity, respectively, of each layer, and ϭ2 f . Thus, our model predicts absolute, complex, near-field transmittance from known material properties. For a numerical evaluation, we note that the sum in Eq. ͑4͒ is not sensitive to the contribution of layer 2 because ͉⑀͉ is very large for good conductors. Using ⑀ϭ4.3 for SiO 2 and ⑀ϭϪ170ϩ1.8ϫ10
5 i for the 0.01 ⍀ cm Si substrate, we obtain ϭ0.077 nm Ϫ1 and ␦ϭ0.015 nm Ϫ1 at hϭ0. These values exceed the measured signals and ␦ by about one order of magnitude. This amount is, however, expected from the one-dimensional approximation: a more realistic model would account for additional transmission from field lines bypassing the apex region ͑''background,'' see Fig. 1͒ that enhances mainly the unmodulated reference signal ͑͒, and therefore, would predict decreased and ␦ values. The relative contrast is, however, quantitatively predicted from the one-dimensional model, as for example that 15% and 30%
decrease of and ␦, respectively, of the constant-height scans in Fig. 3 over the depression at hϭ0. In these scans, the edges appear smeared to about the same width as the depression, 800 nm. This fact is compatible with assuming that the tip is flattened over a width of about this size. A large tip width wϷ800 nm is, on the other hand, necessary to explain in our model the observed contrast reversal in the topography-following and ␦ images ͓Figs. 3͑b͒ and 3͑c͔͒. With the additional assumption that the tunneling occurs through a narrow tip that protrudes at least 2 nm from the flattened apex, any abrupt decrease of topography reduces the air gap 1 and, therefore, increases both and ␦, as observed. Clearly, these images are then not expected to exhibit any edge smearing, as is also observed. Other details such as the reproducibly asymmetric profile of ␦ are, however, not explained and possibly need consideration of further fine structure in tip and/or sample properties.
Altogether, the one-dimensional model can fairly well describe the near-field image contrasts both for the constantheight and the topography-following scan modes. The basic concept of a quasistatic field distribution with field lines mainly longitudinal is generally applicable in the subwavelength domain. Therefore, it should account for contrast with radio waves as well as infrared and visible, especially in very high-resolution t-SNOM work such as in Ref. 4 . On a different issue, we note that the long-wavelength operation of a SNOM can suppress coherence artifacts unique to the nearfield microscopy. These arise from light scattering that ''dresses'' any sample inhomogeneity with a standing wave at the /2 spatial period. Not visible in classical imaging, this dressing appears in near-field micrographs since the tip measures the total field. Except where scattered fields are of specific interest, e.g., in surface plasmon studies, 11, 12 such standing wave patterns should be regarded as artifacts. The advantage of using long wavelengths then lies in a separation of scales: /2 is so much larger than any object detail that no image deterioration arises. Furthermore, the effective scale separation between wave and image frequencies helps to simplify any theoretical modeling because there are no propagating fields within the scene.
Our experiment can be regarded as a general demonstration of the very high subwavelength resolution of t-SNOMs. That the inherent contrast mechanism rests on the longitudinal electric-field component seems a novel effect in optical microscopy.
